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Appendix A. Material Properties 



Illustrations 



Simple Physical Model for the Cavity Resonator and Vacuum Chamber 

Electrical Properties of Various Materials 

Thermal Properties of Various Materials 
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Figure 1. Typical Absorption Spectra at 0, Figure 2. Typical Refraction Spectra at 0, 
50, and 100 Percent Humidity 50, and 100 Percent Humidity 
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The Cassini gravity wave search has also specified goals that are four times more stringent than 
the requirements [6]. These requirements apply to elevations angles ranging from 20° to zenith. 
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The Ben-Reuven generalized line shape [17, 18] was developed to treat isolated and overlapping 
collision-broadened lines with pressures ranging from those found at mesospheric altitudes to 
several times that found at sea level. To formulate his shape function, Ben-Reuven used (0 o to 
represent the resonance frequency, with co as the observation frequency, 5 as the frequency shift 
parameter, and y and t, are two damping factors [19]. The frequency shift parameter, 5, is simply 
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where A, are constants, T is absolute temperature, and x 1 is the temperature dependence radix 
(Liebe and Layton use x, = 3.5). Similarly the line width parameter can be modeled with 
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two-molecule behavior over long durations. Similarly, the far wing line shape would be a case 
of interaction between two molecules over much shorter periods. The multimolecule framework 
has been used to calculate continuum absorption and gives rough agreement with observational 
data. 
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Atmospheric water vapor is both a weak absorber and emitter (between 18 and 40 GHz). While 
this gains the advantage of minimizing radiative corrections needed in passive remote sensing, 
it also significantly increases the difficulty in laboratory measurements. As was shown in 
figures 1 and 3, atmospheric absorptivity between 15 and 40 GHz ranges from roughly 0.01 



dB/km to 0.5 dB/km. Over laboratory distances of 1 to 2 meters, this translates to attenuations 
of less than 10' 3 dB. Measuring these attenuations with better than 1% accuracy requires 
measurement accuracies of 10" 4 to 10' 7 dB. This section will investigate how absorption cells, 
Fabry-Perot resonators, and single- and multimode cavity resonators can be used to make 
spectroscopic measurements of weakly absorbing gases. 
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where L is the length of the cell and A P = P peak - P null is the difference in power (expressed in dB) 
at the peaks and nulls of the standing wave pattern. For a weakly absorbing gas, the double-pass 
cell technique differs from that of a single-pass cell because the interference that generates the 
standing wave essentially performs the power difference calculation. This lessens the 
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In an unloaded, weakly coupled cavity, energy is dissipated primarily by wall currents induced 
by tangential magnetic fields. Power dissipation by wall losses can be calculated by integrating 



the product of the square of tangential magnetic field strength and wall's surface resistivity over 
the cavity's total surface area [44], Again using the rectangular cavity as an example, this can be 
expressed as 
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It might be possible to calculate the relationship between cavity Q and the refractive index for 
a lossless medium; then the Q u could be calculated from Q v , (the vacuum Q). However, accurate 
calculations are difficult and can be a significant source of systematic errors. An alternate method 



is to measure Q u with a lossless gas such as nitrogen at a pressure which allows its refractive 
index to match that of the loaded cavity [45]. In other words, the nitrogen pressure is adjusted 
until the cavity eigenfrequency is identical to that of the loaded cavity. 
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using co as the frequency of interest. The resonance full width, T, is simply frequency, co 0 , divided 
by Q. Thus Q determines a resonator’s bandwidth, 
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A rectangular cavity with dimensions axbxd, corresponding to coordinate axes [x,y,z\, has mode 
orders [n,m,l]. Cavity modes are classified into two different classes: transverse electric (TE nm/ ) 
modes where there is no net electric field oriented along one of the axes, and transverse magnetic 
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measure bandwidth to 5 Hz, the resonator cannot change dimension during the measurement by 
more than 0.5 nm! In general this dependence is a function of mode order and cavity dimensions, 
so it will be treated numerically when a specific design is being considered. Finally, the change 



in Q caused by a change in cavity wall resistivity R s can be derived using the relationship 
between the skin depth, 5, and conductivity a (8 = {R s o}' 1 ), yielding a simple linear relationship 
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Spherical rather than parabolic mirrors are recommended for confocal resonators. Parabolic 
mirrors are expensive to fabricate and require very careful adjustments to align their optical axes, 



while spherical mirrors are easier to fabricate and provide a better match to the near-spherical 
traveling wave phase fronts. Confocal mirror spacing yields the smallest beam radius or "spot 
size" at the mirrors, which minimizes the diffraction losses [49]. 




representing losses from diffraction, mirror reflectivity, coupling apertures, and absorption by the 
internal medium, respectively. If perfectly shaped mirrors are assumed the diffractive term is 
given by 
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points, recording both frequency and Figure 4. Resonator Measurement System Block 

Diagram 
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where /is frequency and P 0 is the peak power measured at the center frequency/. An expression 
of this in decibels is 
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determined by the signal analyzer used to make the power measurements. When 5 P* + and §P* " 
have opposite signs and a magnitude of e p then the total power error is maximized. The 
maximum error in the center frequency occurs when the total power error and counting error 
have the same sign. Therefore, at the low frequency -3 dB point, / = /', (f - f r ) = -A/ /2 and 
[dP/df ] f=f . = 20/(A if lnlO) -1/0.1 15A/, and 
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As discussed earlier, absorptivity measurements rely on measuring the increase in resonator 
bandwidth induced by introducing gas into an evacuated resonator. The measured bandwidth Af m 
is the sum of the actual bandwidth A/ plus the measurement error S(A f) and can be calculated 
from the measured frequencies of the -3 dB points: 

Af . - A/* 6(4/) =/* (73) 
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budget with a contribution to 5(A/) of 29 Hz. With x im of 0.1 sec the counting error term 
contributes another 20 Hz which, together with the power term exceeds the error budget. 
Increasing x int to 0.25 seconds decreases its contribution from 20 Hz to 8 Hz which corresponds 
to a 8a of 0.0015 dB/km. To bring the sum of the errors to within the error budget allocation 
requires increasing the cavity Q to 1.5 x 10 6 . 
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Their array of 360 thermocouples located throughout the cavity helped ensure that the average 
field strength sampled by the array was not significantly different from the true average field 
strength inside the cavity. Absorptivity of the cavity’s internal medium was calculated once a 
relation between radiation-induced temperature changes and resonator Q was established. 



o 

4 -> 

ca 

CD 

X 

q 

CD 

X 

£ 

O) 

CO 

q 

* i-H 

-§ 

<D 

CD 

bfl x 

q 

4 — • 

cd 

fs 

X 

CD 

o 

q 

<D 

o 

X 

4 — » 

<D 


X 

o 

4 — » 

O 

q 

q 

S 

o 

CO 

" q 

JD 

•5b 

cd 

.s 

& 

'co 

2 

<D 

o 

X 

o 

4 — » 


X 

X 

<D 


CD 
4— » 
<D 
X 

CD 

X 

S 

o 

X 

q 

CO 

q 

bA 

q 

o 

4 — > 

0) 

q 

X 

O) 

a 

* i-H 

0) 

b0 

q 

as 

X 

O 

<D 

X 

H 


I g 

£ £ 

* & 


X 

<D 


O) 


o 

. 5 — < 


{/I 

a 

.2 .q 


X 

I 

*-< 

X 


•S2S 


03 

X 


O) 


2 'O 
M a 

3 ° 

K-i o 

* 4_, 

^ o 


* J 

df a 

• r ,2 

0 ^ 

ts 

- -2 

q eg 

o 
a 

1 g 
§■§ 
8 S 

O O* 


5 s 

^ q 
>^ o 

■p ~ 

>. T3 
C3 ^ 

° 1 

^ *3 

X *H 

a 2 

•q x) 

P a 

3 O 

Jrj 1 -h 

4> O 

Qj 4— > 

«T os 

q 

X O 

p oo 


oS 

+-» 
4 H 

5 


.-S «i 

X X 

oS o 

« a 

q 

bo 3 

.a a 

g cd 

P-( <4-4 

O O 


1 1 

^ X 

q co 
5 8 
* g 

CO 

(D <D 
8 £ 
£ a 

• i— < 

co X 
<D cd 
X ^ 
q co 

ii 

- 3 

oc.s 

.a oj 

q x 

*C q 

a * 

,rH X 
(D oS 
X O 


cd 

X 

q 

cd 

d 

§ 

<D 

4 -> 

a 

3 

3 

& 

X) 

CD 

4 — > 

cd 

r§ ^ 

q ^ 
u co~ 

CD 
CO 
CO 

co O 


cd 


q cd 
2 .Si 
o P 

£ 1 
2<r 

.2 ° 

"~* CO 

d 8 


q 

= o 

cd co 


<D 


CD 

sf 


CO 


<■5 . 

$ g 


CO 


00 

t> 


|0 


CO 

a 

a. 

a 


cd 

X 

4— > 

X 

bJQ 

q 

o 

q 

CD 

(D 

u 


p 

X) 


g ^ 

q U 

^ 'I 

p£ CO 


<*> 

Cv 


Cv 


Cy 


o 

(D 

X 


<D 

i-< 

3 

CD 

9* 


O 43 

X <+H 
CD o 

c3 O) 
& 

a a 

H 


|Cv - ^ 

cd ^ 

! 2 r 

^ q 
<d q 
^ ,2 


$2 q 
q .SP 
q co 

a - s 
s a 

S s 

o . co 

q y 

ts ca 

(D ® 

« ° 
Ih rt 

r2 | 

Id tj 

o # 

CD 

-q 

H xj 


ON 

l> 


00 




Cv 


M 

H 




bJD 

q 

JD 

3 

9 

& 

q 

o 

cd 

xS 

cd 

u< 

<D 

X! 


X 

p 

cd 

cd*' 

CD 

c3 

<D 

I 

& 


> 

o 


CD 

k-( 

X 


o 

00 


£ 


n 


8 

a ^ 

o 


q 

<D 

> 

‘5b 

CO 

• t-f 

■3 

O 

r“H 

<D 

X 

4 -» 

C-(— t 

O 

O) 



CD 


Ol 3 

CO 

• 1 -H 

"q 

(D 2 

O 

P 

o 

ts a 

Pf 

X 

”3 3 

q 


o o 

bo 

q 

> 

13 q 
o 

fi 

<D 

2 3 

9 

r— i 

c 3 

co 

x S 
2 2 

a 

i-f 

1 

^ Q, 

o 



o 



43 co <U 

*3cag 


q 


unsuccessful because of enormous unexplained power fluctuations while the fields decayed. 
Although they weren't able to definitively ascertain the cause, it was probably caused by mode 
"hopping" (coupling of energy back and forth between modes) or spatial interference between 
the modes resulting from thermal and vibration-induced cavity deformations. 
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iimensions. Hence, increasing resonator volume will increase costs. 



Q is proportional to the ratio of the resonator’s volume to its surface area. Therefore, a 
rectangular cavity has a maximum Q when all sides are equal length; in other words, when it is 
a cube. For this case, both the TE and TM modes reduce to the same expression for Q 
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In conclusion, this comparison supports a recommendation that a single-mode, confocal or semi- 
confocal Fabry-Perot resonator be used to measure the absorptivity of atmospheric gases. 



V. Environmental Monitoring and Control 
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The vacuum chamber houses the resonator and environmental sensors. The range of pressure for 
absorptivity measurements spans from 20 to 120 kPa. However, the ability to evacuate the 
chamber to 0. 1 kPa between data runs is required to ensure the integrity of the gas sample. As 
mentioned earlier, the chamber’s dimensions are determined by the resonator. The chamber will 
need to be fitted with a series of vacuum quality electrical and radio frequency (RF) feed-thru’s. 
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for these measurements. Finally it may be desirable to use C0 2 -free gas. During humidification, 
C0 2 can be dissolved in the water baths forming carbonic acid, (H 2 C0 3 ), depleting the C0 2 
content [61]. Any discrepancies between gas concentrations used for measurements and natural 
abundances need to be corrected during analysis [62, 63]. 
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the resonator structure. Both active and passive techniques exist to minimize the impact of 
thermal perturbations on resonator frequency and Q. Active systems tend to be expensive because 
they require additional measurement apparatus as well as active positioners. Passive compensation 
can often be implemented at much lower cost. 
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Measurements of resonator frequency shifts can be used to tune a compensated structure. With 
a non-absorptive load, the temperature can be cycled over tens of degrees. Measured changes in 
cavity eigenfrequency can then be used to determine the net resonator expansion coefficient. 
Thicknesses of the compensating shims can be modified accordingly. 
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with a resonance bandwidth of 8 kHz. Figure 8. Preliminary Semi-confocal Resonator 

Design 
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sensors and to minimize RF coupling of the vacuum chamber and sensors with the resonator. The 
chamber volume would then be ra^L or 0.5 m 3 or 500 liters. The time required to evacuate the 
vacuum chamber can be calculated from Equation 65. Assuming a mechanical roughing pump 
with moderate capacity (200 liters/minute) it would take slightly less than 20 minutes to pump 
the vacuum chamber from ambient pressure to below 0. 1 kPa. 



The system heat capacity can also be estimated. Table 1 gives a crude physical model for the 
resonator and vacuum chamber. The density and specific heats of the various materials are taken 



Atmospheric Gas 500 liters Air 0.65 (STP) 0.06 x 10 4 J/°C 

Mirror Supports 4 x 60 cm x 2 cm x 2 cm Aluminum 3 0.3 x 10 4 J/°C 

Invar Spacers 3 x 80 cm x 5 cm dia. rod Invar 38 1.7 x 10 4 J/°C 

Spherical Mirror 25 cm dia., 3 cm thick Aluminum 4 0.4 x 10 4 J/°C 

Flat Mirror 28 cm dia., 0.5 cm thick Aluminum 1 0.9 x 10 4 J/°C 


o 

Tt* 



coupling using commercial electromagnetic simulation software. It may also be possible to reduce 
the environmental chamber size by coating it with an epoxy-based absorber. If the vacuum 
chamber diameter can be reduced 10 cm without significantly impacting the electrical 
performance of the resonator, then its mass will drop by 66 kg and the heat capacity by 3 x 10 4 
J/°C. 
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They will also allow investigation of systematic changes in cavity bandwidth and center 
frequency as a function of pressure, internal medium, and frequency to the 0.1% level or better. 
These tests will provide the information necessary to drive the total multiple-measurement error 
down to the 0.1% level. 
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humidity dependence to be verified. Finally, the whole data set will be fit to an a priori spectral 
model to generate the new high-accuracy water vapor model. 
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provides a method of controlling the systematic errors to 0.1%. The primary source of error in 
determining the accuracy of absorptivity and refractivity measurements is thus the ability to 
measure the amount or concentration of water vapor in the resonator path. Over the whole 
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